Both females and males of the Japanese large carpenter bee Xylocopa appendiculata circumvolans Smith had a pair of mesosomal acarinaria behind the wing bases as well as the metasomal one in the first tergum. The opening to the mesosomal acarinarium was larger in male bees than in females. The metasomal acarinarium was a narrow and shallow groove rather than the invaginated chamber reported in X. flavorufa or X. latipes. Three species of mite deutonymphs were collected from X. a. circumvolans: Sennertia japonica, S. alfkeni, and Horstia helenae, of which the first two species greatly outnumbered the last. All three species were supposed to be scavengers feeding on various kinds of debris in nests of the host and cleptoparasites eating stored pollen. Sennertia japonica, which was smaller than S. alfkeni, mainly occurred in the acarinaria and wing bases, while S. alfkeni mainly in dorsolateral hair, probably because S. alfkeni was too large to enter the acarinaria. We discussed the significance of acarinarium in the genus Xylocopa from the viewpoint of mite-bee interactions.
INTRODUCTION
A number of hymenopterous species have various kinds of associations with mites. Among the associations, phoresy is one of the best-known examples. Phoretic astigmatid mites have morphologically distinctive dispersal deutonymphs, so-called hypopi, which possess elaborate body designs for their activities: sclerotized outer skin to escape from severe environment such as desiccation, post-ventral suckers as attachment organs, massive claws particularly on pretarsi to grasp host hair, and so on. Meanwhile, a number of bees (e.g. Ctenocolletes of Stenotritidae, several genera of Halictidae, and Xylocopa of Apidae) and wasps (Acarozumia, Pseudonortonia and Acarodynerus of Eumenidae) have specialized structures where specific mites are adapted to harbor a host of mites (Fain, 1984; Soika, 1985; Eickwort, 1994; OConnor and Klompen, 2000) . The structures were first named "acarinarium" by Roepke (1920) .
Mites of the genus Sennertia (Chaetodactylidae) so far described are associated with carpenter bees of the subfamily Xylocopinae of Apidae (taxonomic system after Michener, 2000) . Many Old World large carpenter bees have a distinctive acarinarium on the anterior surface of the first metasomal tergum in female, and are usually accompanied with mites (Madel, 1974; Fain, 1974 Fain, , 1981a OConnor and Eickwort, 1988) . OConnor (1993a) examined many species of Xylocopa of the world for acarinaria, and found a slit-like acarinarium on the mesosoma just behind the hind wing base of each side as well as the usual metasomal acarinarium in 9 Xylocopa species including X. (Platynopoda) latipes (Druty) from Indonesia. He also stated that female X. (Alloxylocopa) appendiculata Smith from China had an "incipient acarinarium" formed by a slight but distinct deepening of the notal sulcus on both sides, and that the acarinarium contained deutonymphs of Sennertia. However, he did not describe detailed the mite fauna on X. appendiculata.
We confirmed the presence of the mesosomal acarinaria in females of X. appendiculata circumvolans in Japan as well as a weakly developed metasomal acarinarium, and found that two species of Sennertia, S. alfkeni Oudemans and S. japonica Oudemans, were dominant on the host. We also found that males of X. a. circumvolans have the mesosomal and metasomal acarinaria which were nearly the same in structure as those in females.
We here describe the two types of acarinaria of X. a. circumvolans, and how the 2 mite species mentioned above were differently distributed on the host of both sexes. Finally, we discuss the biological significance of acarinaria for the carpenter bee.
MATERIALS AND METHODS
Adults of the Japanese large carpenter bee X. a. circumvolans were mainly collected on various flowers in Tsukuba and Ishioka in Ibaraki Pref. and Matsudo and Futtsu in Chiba Pref. from April to May in 2001. The collected bees were frozen at −20°C immediately to prevent phoretic mites from migrating. Six bees collected in Kumamoto Pref. by the senior author and 5 collected in Miyagi Pref. by Dr. K. Gokon were also examined for the mite fauna.
Mite aggregations on bee bodies were photographed under ESEM (Environmental Scanning Electron Microscope, Philips Co., Ltd.) with low vacuum without temperature control. Before photographing, frozen bees were thawed at room temperatures (about 23°C). Acarinaria with mites were also photographed under a stereomicroscope, and their sizes were measured with an ocular micrometer of the microscope. In order to closely examine the metasomal acarinarium and to measure its width and length, we separated the metasoma from the rest of the body in 10 female and 10 male bees. The width of the first metasomal tergum was also measured. The relative sizes of metasomal acarinaria were compared between female and male bees using two indices: length of the acarinarium/width of the first metasomal tergum, and length/width of the acarinarium (Fig. 1) . The length and width of the left mesosomal acarinarium were also measured in 9 females and 7 males together with the width of the first metasomal tergum.
In order to see how the two mite species distributed themselves on the bee body, we randomly collected up to 10 mites from each of the following 4 body parts of the 10 female and 10 male hosts mentioned above. The four parts, which together harbored a great majority of mites found on the bees, were as follows: 1) the metasomal acarinarium, 2) the mesosomal acarinaria (for definitions of these acarinaria, see below), 3) the space between the upper margin of mesepisternum and the forewing base (hereafter referred to as "forewing base"), and 4) the rest of the mesosoma. All mites collected were mounted in the Hoyer's medium. The specimens were then identified for species and the idiosomal length of each mite was measured with an ocular micrometer under a phase-contrast microscope. We also measured the size of the empodial claw of the first leg of the mites (n=265 mites for S. alfkeni and 87 for S. japonica) at its widest outer part, because it was expected that the claw size was correlated with the diameter of hair that the mite clung. The diameter of dorsal mesosomal hair that the mite grasped firmly (see Fig. 6 ) was measured on the ESEM photographs (n=10).
RESULTS

Descriptions of acarinaria
The shape of the metasomal acarinarium was very similar between the sexes or between bees with and without mites. This structure corresponds to what was called "sulcate vertical fold of first metasomal tergum" by Hurd and Moure (1963) . It was groove-like, started near the center of the vertical surface of the first metasomal tergum and extended downwards towards the dorsal orifice of the tergum, becoming round-shaped around the orifice. The acarinarium, fringed with long hairs on both sides near the middle, was narrow and shallow (ca. 0.3 mm at the deepest part), totally different from the distinguished metasomal acarinarium with an enormous invagination often recorded in the Old World Xylocopa (e.g. Eardley, 1983) . The average relative size of the metasomal acarinarium length to the first tergum width were about 0.026 in females (n=10) and 0.024 in males (n=10). The average relative length of the metasomal acarinarium to its width was 1.55 in females and 1.35 in males, with the difference insignificant between the sexes (Mann-Whitney U-test, p>0.05). The actual length of the metasomal acarinarium was 2.43±0.19 (SD) mm in females and 2.35±0.25 mm in males. Again, there was no significant difference between the sexes A pair of mesosomal acarinaria posterior to the hind wing bases was basically the same in structure as those described by OConnor (1993a) for X. latipes, though much reduced in size. They consisted of indentations on the dorsolateral portions of the mesosoma ( Fig. 2a , b, c). The anterior border of each acarinarium was located at the juncture between the mesoscutum and the posterior notal wing process of the mesoscutellum. The external notal sulcus formed the posterior boundary of the mesoscutum, and extends downward into the acarinarium near its posterior margin. The opening to the acarinarium was 0.56±0.05 mm long and 0.12±0.02 mm wide in females (n=9) and 0.94±0.17 mm long and 0.21±0.03 mm wide in males (n=7). The opening was thus clearly longer and wider in males than in females (p<0.01 both for length and width; Mann-Whitney U-test). The relative size of the length of opening to the width of first metasomal tergum was 0.05 to 0.06 in female, and 0.08 to 0.11 in males, again significantly larger in males (Mann-Whitney U-test, p<0.01). The number of mites contained in a pair of mesosomal acarinaria was 8 to 20 (12.6±4.3) in 10 female hosts. In males, it was difficult to accurately count the number of mites contained in the acarinarium, because many mites aggregated around the opening rather than inside of the acarinaria.
Mite Species
The mite species collected from the acarinaria and other parts of the hosts from Ibaraki and Chiba were Sennertia alfkeni Oudemans (Astigmata, Chaetodactylidae), S. japonica Oudemans, and Horstia helenae (Oudemans) (Astigmata, Acaridae). All collected mites were deutonymphs. Only S. alfkeni and S. japonica were collected from the bees from Kumamoto and Miyagi. Horstia helenae was collected only from a single female and 2 males out of each 10, much less frequently than S. alfkeni or S. japonica. Mite distributions on the host and their size Horstia helenae was mainly found in the mesosomal and metasomal acarinaria, but a few on the propodeum and the first metasomal tergum near the connection between the mesosoma and the metasoma. It occurred in the mesosomal hair only very rarely. Every individual seemed to attach to the host externally with its ventral suckers.
Sennertia mites aggregated mostly in hair of the dorsolateral mesosoma and, much infrequently, in hair of the vertex of the head. They were also found attached to the first metasomal tergum near the round-shaped part of the metasomal acarinarium ( Fig. 4) as well as in the acarinarium itself (Fig. 3) . The mites in hair usually positioned themselves upside down, firmly holding the hairs by the claws (Figs. 5 and 6a, b ). It was not clear whether they also used the attachment organs. A small number of mites were also found on the following parts: around the wing bases, underside of the wings, especially on veins, coxae, trochanters and femurs of all legs and in various depressions and sutures of the mesosoma. Only one of 20 female hosts examined had mites inside the genital chamber. The two species of Sennertia showed different site preferences on the host body: S. alfkeni mainly occurred on the mesosoma, while S. japonica in the mesosomal and metasomal acarinaria and wing bases (Fig. 7) . A large number of S. alfkeni harbored in mesosomal hair, but rarely at the wing bases and metasomal acarinarium, while S. japonica aggregated mainly in the mesosomal and metasomal acarinaria and in the furrows of the wing bases, but only rarely in hair. The preferences seemed not different between host sexes.
The average idiosomal length of S. alfkeni was 311.8±36.9 µm (n=242), while that of S. japonica was 232.0±18.5 µm (n=437). The average size of the claw (Fig. 6b ) was 50.5±8.2 µm in S. alfkeni and 14.7±2.2 µm in S. japonica. Host's mesosomal hairs to which the mites clung were 16.8±0.3 µm (n=10) in diameter. Finer hairs on the mesosoma rarely had mites on them.
DISCUSSION
Both females and males of X. a. circumvolans had the groove-like acarinarium on the first metasomal tergum, and the acarinarium of both sexes harbored mites. Its shape and size were not significantly different between the sexes. The mesosomal acarinaria were also found both in female and male of X. a. circumvolans. As OConnor (1993a) described them as "incipient acarinaria", they were much smaller than those found in X. latipes. The present study gives the first detailed description of both mesosomal and metasomal acarinaria in males of the large carpenter bees, Xylocopa. Interestingly, the mesosomal acarinaria were larger in male than in female X. a. circumvolans. Because only the female conducts nesting activities, mites on the male host will fail to migrate into a nest unless they are transferred to the female. Since we collected some Sennertia mites from the genital chamber of a female host, it may be possible for them to migrate from male to female when a male comes into contact with a female, particularly during copulation. Transfer of deutonymphs from male to female hosts during copulation is documented in Kennethiella trisetosa (Cooreman) (Winterschmidtiidae) associated with the wasp Ancistrocerus antilope (Panzer) (Eumenidae) (Cooper, 1955) .
Although not many observations have been conducted, some mites are reported to have mutualistic relationships with hymenopterous hosts. Neotydeolus therapeutikos Flechtmann & Camargo (Tydeidae, Prostigmata) probably gets rid of a pathogenic fungus in nests of the host Trigona postrigona (Latreille) (Apidae) by feeding on it; and it may increase the host's reproduction by maintaining hygiene of the nest (Flechtmann and Camargo, 1979) . Vidia rubi OConnor & Eickwort (Winterschmidtiidae) could have a beneficial effect on its host, Megachile rubi Mitchell (Megachilidae) because the mite also feeds on fungi on cell walls, although effects on host reproduction have not been examined (OConnor and Eickwort, 1988). In spite of the supposedly mutualistic relationships with mites, these bees do not have distinctive acarinaria to house the mites. On the other hand, some bees including X. a. circumvolans have acarinaria but there are no mutualistic mites in the grooves. Although there is no report on their relationships with the host, a preliminary rearing suggests that both of the dominant species, S. alfkeni and S. japonica, are cleptoparasites and presumably scavengers that feed on stored food (pollen) and probably various kinds of debris in the host's nest (Okabe, unpublished) . Observations on congeneric mites (Lombert et al., 1987 Eickwort, 1994) suggest similar food habits. Although Abrahamovich and Alzuet (1990) described S. splendidula Alzuet et Abrahamovich as an example of commensalism that gives no adverse effect on host development or reproduction, we suspect that hundreds of cleptoparasitic mites living in a nest could cause negative effect on health and/or reproduction of the host. As these instances indicate, the presence of "acarinarium" does not necessarily mean that the host is accompanied with mutualistic (beneficial) mites. Hurt and Moure (1963) examined the vertical fold of the first metasomal tergum of worldwide Xylocopa species, and recognized 4 character states, ranging from a narrow impressed line to an invaginated, densely haired chamber. The metasomal acarinarium of X. (Mesotrichia) flavorufa (Madel, 1974) and X. (Platynopoda) latipes is of the most developed type, and the both species have supposed mutualists, Dinogamasus mites in the acarinarium (OConner, 1993a) . In contrast, the metasomal acarinarium in X. (Alloxylocopa) a. circumvolans is not so specialized. Then, as suggested by OConnor (1993a), the distinguished metasomal acarinarium may have been developed in the course of evolution of mutualism between the hosts and the mites. Pooled data from 10 male and 10 female hosts. Blank and hatched parts represent S. japonica and S. alfkeni, respectively.
Phoretic mites have to avoid being removed by their host bees, which frequently clean themselves with the legs. One way to avoid removal is to hide themselves in various grooves or cavities (including the acarinaria) which are deep enough to harbor them, or to attach themselves to places beyond reach of the host's legs. In fact, a majority of S. japonica, the smaller of the 2 Sennertia species, occurred in the acarinaria and in small spaces at the forewing bases (Fig. 7) . Although a few S. alfkeni also occurred in these places, their bodies tended to be smaller than average. These spaces may be too small for S. alfkeni of the average size.
Another way to avoid removal is to firmly hold hairs of hosts by the claws. This seems an appropriate way for mites possessing enlarged and/or hook-like claws adapted to hold host hairs, a condition met by average-sized or larger S. alfkeni. In fact, in the present study they usually occurred in mesosomal hair (Fig. 7) . Such claws are commonly found in deutonymphs of bee associates (e.g. Chaetodactylus, Sennertia and Roubikia of Chaetodactylidae; Cerophagus of Guadiellidae; and Sennertionyx of Acaridae) and may be a convergent adaptation to firmly hold on host hairs (Zakhvatkin, 1941; Fain, 1981a Fain, , b, 1987 OConnor, 1993b) . Although S. japonica also have claws, of course, they seem too small to get hold on various parts on the host body surface.
The mite fauna on X. a. circumvolans shows that various cavities or grooves, either acarinaria or other spaces, are suitable spaces to hide for phoretic mites which happen to have appropriate body sizes. It also suggests that in some host species the acarinaria exists regardless of mutualism with mites. We need comparative studies of mite faunae and their biologies as well as morphology of the acarinaria throughout the large carpenter bees for a better understanding of the ecological significance of the acarinaria. 
